CONCLUSIONS-Early infection and frequent reinfection in a locale with high viral diversity resulted in lower protection than has been reported elsewhere, providing a possible explanation why rotavirus vaccines have had lower-than-expected efficacy in Asia and Africa. (Funded by the Wellcome Trust.) Group a rotaviruses are the leading cause of dehydrating gastroenteritis in young children worldwide, and rotavirus gastroenteritis results in more than half a million deaths annually. 1 Two rotavirus vaccines, Rotarix and RotaTeq, are licensed for use in the United States, Europe, and Latin America, [2] [3] [4] and the World Health Organization has recommended their inclusion in national immunization programs in Africa and Asia on the basis of trials showing efficacy there. 5, 6 Naturally occurring rotavirus infection has been shown to confer protection against subsequent infection and disease in birth cohorts in Mexico and Guinea-Bissau, with each new infection reducing the severity of subsequent diarrhea. 7, 8 Despite these findings, the efficacy of the Rotarix and RotaTeq vaccines against subsequent severe disease in developing countries of Asia, Africa, and Central America does not appear to be as high as that seen in developed countries. 6, [9] [10] [11] [12] In India, the low efficacy of oral vaccines, particularly the oral polio vaccine, has been recognized for decades. [13] [14] [15] Given this and reports of reduced efficacy of rotavirus vaccines in Asia and Africa, there is a need to consider how well these vaccines may perform in India, where one fourth of worldwide deaths associated with rotavirus disease occur. 1 We evaluated the protective effect of natural rotavirus infection against subsequent infection and disease in a birth cohort in India.
METHODS STUDY CONDUCT, RECRUITMENT, AND SAMPLE COLLECTION
The study was approved by the institutional review boards of Christian Medical College, Vellore; London School of Hygiene and Tropical Medicine, London; and Baylor College of Medicine, Houston. Written informed consent was obtained from each child's parent or guardian. The enrollment criteria and methods of follow-up have been published previously. 16, 17 All authors vouch for the completeness and accuracy of the data and analyses presented.
Our study was conducted from 2002 through 2006 in Chinnallapuram, Ramanaickanpalayam, and Kasba, three contiguous slums in Vellore, India, with a total population of approximately 35,000. A cohort of 452 newborns was recruited at birth between March 2002 and August 2003. Field workers visited each child's house twice weekly and obtained a surveillance stool sample every 2 weeks. At each visit, the mother or care-giver was asked about any illness after the previous visit; any respiratory symptoms, fever, diarrhea, or other signs or symptoms in the child or other members of the household were recorded. If diarrhea was reported, the family was encouraged to take the child to the clinic for assessment of severity and management; the family was instructed to collect samples during every diarrheal episode, and the field worker visited the child daily until the end of the diarrheal episode, recording the frequency, consistency, and color of the stool. In addition, stool samples were collected when the diarrhea was first reported and every other day until the episode ended.
A blood sample was collected at birth (cord blood) or during the first week of life and at least every 6 months for the 3 years of follow-up. One aliquot of stool specimen was tested on the day of stool collection; other aliquots were stored either with or without protease inhibitor at −70°C. Serum samples were stored at −20°C.
DEFINITIONS
An episode of diarrhea was defined as three or more watery stools in a 24-hour period or, in breast-fed children, an increased number of daily stools considered to be diarrhea by the mother. The episode ended on the day after the day the child's bowel movements returned to normal. An interval of at least 48 hours during which bowel movements were normal separated two episodes of diarrhea. Rotavirus infection was defined as rotavirus detected in stool or an increase in the antirotavirus IgG antibody level by a factor of 4 or an increase in the IgA antibody level by a factor of 3 in sequential serum samples. 7, 18, 19 A rotavirus infection was considered asymptomatic if the child did not have diarrhea during the week before and the week after detection of rotavirus in the stool or if a child had seroconversion with no diarrhea in the interval between the two serum-sample collections. An infection was defined as symptomatic when rotavirus was identified in a stool sample during the week before or after the diarrheal episode. Since there could be several diarrheal episodes in the interval between two serum-sample collections, an infection detected only on the basis of serologic testing and associated diarrhea, without detection of rotavirus, was considered an infection of unknown status.
ASSESSMENT OF SEVERITY OF DIARRHEA
During diarrheal episodes, diarrhea was assessed daily for severity with the use of the Vesikari scale. 20 An episode was classified as asymptomatic if the score was 0, mild if the score was between 1 and 10, moderate if the score was between 11 and 15, and severe if the score was between 16 and 20. The scores were compared with scores on a modified Vesikari scale that were reported previously for a Mexican birth cohort. 7 
TESTING FOR ROTAVIRUS
All surveillance and diarrheal stool samples were screened for rotavirus antigen by means of enzyme-linked immunosorbent assay (ELISA) (Rotavirus IDEIA, Dako). All rotaviruspositive surveillance stool samples were retested with the use of ELISA, and if these results were also positive, RNA was extracted and the strain was genotyped by means of a reversetranscriptase-polymerase-chain-reaction (RT-PCR) assay. [21] [22] [23] [24] This was done because a lack of specificity of ELISA testing was noted for surveillance samples. All diarrheal stool samples were screened by means of ELISA but underwent RNA extraction and RT-PCR assay even if the screening ELISA was negative. A positive result was defined as a sample that was positive for rotavirus either on two ELISA tests or an RT-PCR assay. PCR positivity alone was not used to define a positive result because 31 PCR-negative infections were associated with an immune response; in these cases, the negative PCR result may have been due to the tim-ing or quality of stool collection.
TESTING FOR ANTIROTAVIRUS IGG AND IGA ANTIBODIES
For each child, the serum specimens obtained at birth and at 6-month intervals thereafter were analyzed for antirotavirus IgA and IgG antibodies by means of an antibody-sandwich enzyme immunoassay. The IgA or IgG titer was determined by comparing the optical density values from sample wells with a standard curve based on pooled human serum samples, as previously described. 25 
STATISTICAL ANALYSIS
We restricted our primary analyses to the 373 children who completed 3 years of follow-up, for two reasons. First, a survival analysis showed that the 79 children who did not complete the study did not differ significantly from the 373 who did, in terms of either their baseline demographic characteristics (Table 1) or the pattern of infection until they dropped out. Second, 31 of the 79 children who did not complete the study dropped out within 3 months after recruitment, because the mothers had delivered at their natal homes, after which they returned to their own homes outside the study area. We also performed an analysis in which we included data for the 44 children who did not complete the study but for whom follow-up data were available for at least 3 months and at least one follow-up serum sample was obtained (see Table 3 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
The protective effects of rotavirus infection, both in general and for specific strains of the major rotavirus genotypes, were studied. Shared gamma frailty survival models were used to obtain relative risks and confidence intervals adjusted for repeat infection in the same child. Parametric-regression survival modeling 26 was performed with the use of Stata software, version 8.0 (Stata). Our previously reported analysis for all illnesses showed that male sex, low level of personal and household hygiene, and working in the manufacture of bidis (indigenous cigarettes) in the household were associated with an increased risk of respiratory and gastrointestinal disease. 16, 17 We retained these variables in the final model to calculate the adjusted relative risks and protective efficacy of prior rotavirus infections. Details of the analysis and of adjustment for potential confounders are provided in the Supplementary Appendix.
RESULTS

COHORT MONITORING
The cohort was monitored for a total of 13,937 child-months, with 121,005 home visits. A total of 452 children were recruited for the study; 391, 380, and 373 children remained in the study at the end of the first, second, and third years of follow-up, respectively. The baseline demographic characteristics did not differ significantly between the 373 children who completed 3 years of follow-up and the 79 children who did not (Table 1) . Nearly half the children who did not complete the study with-drew early, in most cases because the family left the area or did not comply with sample collection. Five children died, three from gastroenteritis; two of the three cases of fatal gastroenteritis were associated with rotavirus infection.
Nearly all the data specified by the protocol for collection during the study were obtained (99.4%, representing 13,340.7 child-months) for the 373 children completing follow-up: 26,902 surveillance stool samples were collected (91.8% of the scheduled collections), and 4759 diarrheal samples during 1829 diarrheal episodes (98.6% of the episodes that occurred) were collected and tested for rotavirus. Of the serum specimens planned for collection, 4246 (94.9%) were collected, and of the 2598 specimens (99.5% of the planned number) obtained at least every 6 months after birth, 2565 (98.7%) were tested for either IgA or IgG antibody and 2468 (95.0%) were tested for both antibodies. In most cases, the reason for a missed sample collection was that the child was away at the time of the scheduled collection or the mother or care-giver did not obtain the sample despite reminders. Figure 1 shows the frequencies of diarrhea and related events in the 452 recruited children and in the 373 who completed follow-up, as well as the frequencies according to whether the diagnosis of rotavirus infection was based on stool testing alone, ELISA or PCR positivity (the most sensitive definition), ELISA and PCR positivity (the most specific definition), or two positive findings on ELISA or one positive finding on PCR (the definition used here).
IDENTIFICATION OF ROTAVIRUS INFECTION
Inclusion of a repeat positive ELISA assay in the definition of a rotavirus-positive stool reduced false positives, as shown in Figure 1 , by eliminating samples that were positive on only one ELISA test.
Using the definition of two positive ELISA assays or one positive PCR assay of a stool sample -or a positive serologic test for rotavirus -we identified a total of 1103 rotavirus infections in the 373 children, with 255 infections (23.1%) identified in both stool and serum samples, 264 (23.9%) detected only in stool, and 584 (52.9%) only in serum; the 584 infections detected only in serum included 244 of unknown status. Of the 1103 infections, 371 (33.6%) were primary and the remainder were repeat infections. Rotavirus was detected in stool specimens in 48.5% of primary infections and in 46.3% of later infections.
The overall incidence of rotavirus infection was 0.99 (95% confidence interval [CI], 0.94 to 1.05) per child-year, and the overall incidence of rotaviral diarrhea was 0.25 (95% CI, 0.22 to 0.29) per child-year. In the first year of life, the incidences of infection and diarrhea were 1.20 (95% CI, 1.14 to 1.37) per child-year and 0.49 (95% CI, 0.42 to 0.58) per child-year, respectively. The cumulative proportions of children infected were 56%, 81%, 96%, and 99% at 6, 12, 24, and 36 months of age, respectively, with rotaviral diarrhea occurring in 20%, 36%, 43%, and 48%, respectively. Rates of reinfection were high: 33 of the 373 children (8.8%) had only one documented infection, where-as 102 (27.3%) had two infections, 136 (36.5%) had three, 58 (15.5%) had four, and 42 (11.3%) had five or more.
Baseline characteristics, malnutrition status, and history (vs. no history) of frequent illness were compared between children with five or more infections and children with fewer than five infections. No significant differences in baseline characteristics or nutritional status were identified, but the children with five or more infections had greater overall morbidity ( Table 2 in the Supplementary Appendix).
Two children were not found to have had a rotavirus infection during the 3 years of followup. This finding was consistent among all the tests used in the study.
MORBIDITY FROM DIARRHEA AND ROTAVIRUS INFECTION
Of all 1856 diarrheal episodes, 1047 (56.4%) had a Vesikari score of 1 to 5, 598 (32.2%) had a score of 6 to 10, 139 (7.5%) had a score of 11 to 15, and 9 (0.5%) had a score of 16 to 20. A pathogen was identified in 36.0% of all episodes; rotavirus was the most common (present in 15.2% of episodes), followed by a norovirus (8.5%), giardia (8.0%), aeromonas (3.8%), cryptosporidium (3.1%), and shigella (2.2%). Mixed infection was seen in 29 of 282 cases of rotaviral diarrhea (10.3%), with the additional pathogen most often being a norovirus (in 8 of the 29 cases) or giardia (in 10 of the 29 cases). Diarrhea was seen in association with 29.9% of primary rotavirus infections, with similar frequencies in subsequent infections: 28.1% of second infections, 18.2% of third infections, 18.0% of fourth infections, and 25.8% of fifth or subsequent infections (P=0.08 for trend, by the chisquare test). Rotavirus infection was associated with more severe disease than were infections with other diarrheal agents, with this pathogen found in higher proportions as the Vesikari score increased: in 11.5% of diarrheal episodes with a score of 1 to 5, 15.5% of episodes with a score of 6 to 10, 34.5% of episodes with a score of 11 to 15, and 67.4% of episodes with a score of 16 to 20. Overall, 2.3% of all diarrheal episodes required hospitalization, as compared with 4.3% of rotaviral diarrheal episodes. The incidence of rotavirus-associated gastroenteritis with a Vesikari score above 10 was 0.05 per child-year. Table 2 shows the protective efficacy of prior infections on subsequent rotavirus infection and disease. The incidence of infection and disease decreased as the number of infections increased. The adjusted efficacy after three prior infections was 67% against infection and 79% against moderate or severe diarrhea, with 81% efficacy against any diarrhea, 79% against mild diarrhea, and 84% against diarrhea of unknown status, but the efficacy against asymptomatic infection was lower (46%).
PROTECTION CONFERRED BY NATURALLY OCCURRING ROTAVIRUS INFECTION
Similar results were obtained after repeating the analysis with the inclusion of 44 children who had at least 3 months of follow-up data and one serum sample collected ( Table 3 in the Supplementary Appendix). Censoring the data at 24 months and analyzing the data separately for children infected after 6 months of age showed reduced protective efficacy across all categories. Using the most specific definition of rotavirus infection (i.e., a positive test on both ELISA and PCR assay), we found that efficacy after three prior infections against moderate or severe diarrhea and asymptomatic infection increased to 86% and 82%, respectively, but efficacy against infections of unknown status decreased to 40%. Among the 364 children who had an increase in the IgG or IgA level by a factor of 4 or 3, respectively, rotavirus gastroenteritis developed in 80 (22.0%) after seroconversion.
Surprisingly, in children with multiple infections and diarrhea, the severity of diarrhea did not tend to decrease between the first and second infections but did between the second and third (P=0.01) (Fig. 2) . In children in whom two or three infections were symptomatic, 5 of 39 second episodes were more severe than the first episode, and 4 of 24 third episodes were more severe than the second episode.
ROTAVIRUS GENOTYPES AND REINFECTION
A total of 472 rotavirus strains were genotyped. The G and P types could not be identified in 12.1% of infections. The most common types were G1P [8] (in 15.9% of infections), G2P [4] (in 13.6%), G10P [11] (in 8.7%), G9P [8] (in 7.2%), G1P [4] (in 4.4%), G10P [4] (in 1.7%), G9P [4] (in 1.5%), G12P [6] (in 1.1%), and G1P [6] (in 0.6%). The G10P [11] infections were primarily neonatal and asymptomatic, with a median age of 0.3 months (interquartile range, 0.2 to 0.5) at the time of the primary asymptomatic infection and 0.4 months (interquartile range, 0.2 to 1.5) at the time of the primary symptomatic infection; 26 of these 41 infections (63.4%) were asymptomatic.
To assess protection against subsequent infection with a particular rotavirus strain, we evaluated the risk of primary and subsequent infections with the same G-type or P-type rotavirus strain; the data for G1, G2, and P [8] are shown in Table 3 . No decrease in the risk of overall or homotypic rotavirus infection or diarrhea was found in later infections, indicating a lack of clear protection on the basis of genotype.
DISCUSSION
In previous cohort studies, reported rates of protective efficacy of a natural rotavirus infection against subsequent infection or disease have ranged from 46 to 100%. 7, 8, [27] [28] [29] [30] [31] [32] Our results are consistent with this broad range but show much less protection than was shown in birth cohorts in Mexico 7 and Guinea-Bissau 8 ( Table 1 in the Supplementary Appendix). In the Mexican cohort, there was complete protection against severe gastroenteritis after two prior infections; whereas in our cohort, after adjustment for possible confounders, the rate of protection was 79% after three prior infections (Table 2) .
Although rotavirus was the single most common cause of diarrhea and accounted for a higher proportion of severe cases of diarrheal disease than any other cause, the rates of reinfection and asymptomatic infection were much higher than expected; only 30% of all identified infections were primary, as compared with 52% and 81% in Mexico and GuineaBissau, respectively, and only 30% of the primary infections were symptomatic ( Table 1 in the Supplementary Appendix). Our high rate of identified infection was only partially due to the use of PCR assay for detection, because the majority of infections were identified, as in Mexico, on the basis of an immune response to rotaviral proteins.
Another key difference is the early occurrence of infection in our study, with 53% of children infected by 6 months of age, whereas in Mexico and Guinea-Bissau, 34% and 26% of children, respectively, were infected by that age. For vaccination strategies, this raises concern about the balance between the maturity of the immune system and the age at which vaccines should be delivered to cover the period of highest risk.
It has generally been believed that protection from infections is initially homotypic and then broadens to heterotypic protection. Our data (Table 3) show no evidence of initial homotypic protection; the rates of subsequent homotypic rotavirus infection and diarrhea were similar regardless of whether the primary infection was with G1, G2, or P [8] virus. Extending our previous findings of a lack of protection with G10 primary infection in our cohort, 33 further testing showed that G2 primary infection also did not provide protection against the same or different strains.
In summary, our data show that in India, rotavirus infections occur early, reinfection is more common than previously believed, and the rate of protection against diarrhea of any severity is lower than has been reported in previous studies. Taken together, these data indicate that rotavirus-vaccination strategies for India and similar settings may need to be modified by increasing the dose or number of doses of vaccine and considering earlier vaccination, such as neonatal or maternal immunization.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The two pyramids at the left show the numbers of deaths, hospitalizations, clinic visits, and diarrheal episodes in the recruited cohort of 452 children and in the cohort of 373 children who completed the 3-year follow-up, respectively; the values to the right of each pyramid are the ratios of the frequencies shown within the pyramid to the total number of diarrheal episodes. Two deaths that were not associated with diarrheal disease are not shown. The three pyramids at the right show the numbers of hospitalizations, clinic visits, diarrheal episodes, and rotavirus infections -and the corresponding ratios of these frequencies to the total number of rotavirus infections -according to the means of detection of rotavirus in stool specimens: positive finding on enzyme-linked immunosorbent assay (ELISA) or polymerase-chain-reaction (PCR) assay, the most sensitive definition; positive findings on ELISA and PCR assay, the most specific definition; or two positive findings on ELISA or one positive finding on PCR assay, the definition used here. These data do not include infections detected by means of serologic testing. * The group with no previous infections was monitored for 2686 child-months, the group with one previous infection for 3978 child-months, the group with two previous infections for 3524 child-months, and the group with three previous infections for 2137 child-months. † The relative risk was adjusted for sex, level of personal and household hygiene, and involvement in making bidis (yes vs. no). Table 3 Rate Ratios for Subsequent Diarrhea or Infection from G1, G2, or P 
